fluids, such as paraffins, olefins and esters are less toxic and are more biodegradable than the diesel and mineral oil-based fluids 4 .
INTRODUCTION
Since 1990, the oil and gas industry has used syntheticbased fluids SBF for the difficult drilling wells with reduced environmental impact 1, 2 . SBF also provides the drilling performance characteristics similar to traditional fluids made from diesel and mineral oil but safer to workers. This is achieved by avoiding the use of poly-aromatic hydrocarbons as base oil thus lower toxicity, faster biodegradability, lower bioaccumulation potential, and in some drilling cases, less drilling waste volume 3 . Poly-aromatic hydrocarbons, the most toxic component of drilling fluids, have been reduced from 1 to 4 percent to less than 0.001 for newer fluids. New generation drilling base Numerous kinetic models have been developed to represent the kinetic behaviors of esterification and transesterification, such as simple orders or the power-law model, the pseudo-homogeneous PH model, the Langmuir-Hinshelwood LH model, the Eley-Rideal ER model and many more 9 . Omota et al. reported that the synthesis of 2-ethylhexyl dodecanoate followed the PH model 10 . Similar to the study from Grecea et al. 11 , the synthesis of ethylhexyllaurate was best represented by PH model. Thorat et al. reported that the reaction of mono-2-ethyl phthalate with 2-ethylhexanol followed the second order mechanism 12 . The synthesis of diethylhexyl maleate studied by Gerzesik et al. showed that the reaction followed first order reaction 13 . Despite many kinetic models reported elsewhere, the transesterification reactions using primary and secondary alcohol usually conformed to the bimolecular reaction 9 . As for the enzymatic reactions, most of them followed Ping-Pong Bi-Bi and conformed to Michaelis-Menten mechanism. Denashfar et al. used Ping-Pong Bi-Bi model to describe the transesterification reaction of the 2-ethylhexyl hexanoate with 2-ethylhexanol 14 . Hamid studied that the basis for all kinetics models lies in the type of the basic data used in the kinetics study which can be weight-fraction based and concentration based kinetics models 15 . Based on these data, a diverse and dissimilar kinetic model can be proposed.
To perform all the functions of drilling fluids effectively, the properties of formulated drilling fluids must conform to the API 13B Specifications. The main property that indicates the performance of the drilling fluid is the rheology of the fluid 16 . Rheology of drilling fluid includes the plastic viscosity, apparent viscosity and yield point. Plastic viscosity relates to the portion of flow resistance due to the mechanical friction 17 . The yield point is the key rheological parameter for evaluating hole cleaning, barite sag, equivalent-circulating density, surge pressure and it indicates the ability of the drilling fluid to carry the cutting to the surface 18 . Other properties include pH of the fluid, the electrical stability to ensure the stability of the emulsion and high pressure high temperature filtrate properties to provide the drilling fluid loss measurement during the drilling operation 5 .
In the current study, 98 of palm oil-based ethylhexyl ester was successfully synthesized from transesterification reaction of palm oil methyl ester POME with 2-ethylhexanol EH in less than 30 minutes. The reaction was extraordinarily fast; as a result the present paper attempts to investigate the kinetics of the transesterification reaction to substantiate the findings. To determine the potential of palm oil-based 2EH ester as base oil for synthetic drilling fluid, the properties of four formulations were analysed and its performances were assessed against API 13B Specifications.
EXPERIMENTAL 2.1 Materials
Palm oil methyl esters POME was obtained from Caro-techSdn. Bhd. Ipoh, Perak, Malaysia . The 2-ethylhexanol and sodium methoxide were purchased from Sigma-Aldrich Chemical Co. St. Louis, MO . N,O-Bis trimethylsilyl trifluoroacetamide BSTFA was purchased from FlukaChemie AG Buchs, Switzerland . The fatty acid FA compositions of these samples were determined according to the standard methods for oils and fats analysis 15 and presented as Table 1 . The additives for the drilling fluid formulation i.e.Versagel, Versatrol and PolyPac UL were purchased from M-I SWACO Malaysia. Confi MUL, barite, brine, bentonite and lime were purchased from ScomiOiltools Malaysia.
Methods
Experiments were conducted to determine the optimum conditions of the transesterification reaction of palm oil methyl ester POME and 2-ethylhexanol EH and to investigate its kinetics. The reaction was carried out according to the procedures described by Yunus et al. 6 . Briefly, 100 g of POME was filled into 500 mL three neck flask equipped with a magnetic stirrer, thermometer, sampling port and with reflux condenser. The three neck flask reactor was immersed in the silicon oil bath. The set up was connected to the vacuum pump with relief valve and a vacuum trap from the condenser. POME was heated to slightly above 100 to remove all the water content in the solution as well as in the flask under pressure. After one hour, certain amount of EH was added to the POME after which the temperature were dropped to below 100 . The sodium methoxide 2 w/w based on the total mass of the reactant was then added to the mixture. The molar ratio of POME to EH was held constant at 1:2, whereas, pressure was kept constant at 1.5 mbar during the reaction. The vacuum filtration was used to separate the catalyst and the liquid product mixture. The liquid product mixture collected in the conical flask was purified further to remove the Table 1 Fatty acid composition of POME.
Fatty acids POME (%)
Lauric acid (C 12:0 ) 0.9
Myristic acid (C 14:0 ) 1.5
Palmitic acid (C 16:0 ) 41.5
Palmitoleic acid (C 16:1 ) 0.3
Margaric acid (C 17:0 ) 0.1
Stearic acid (C 18:0 ) 2.7
Oleic acid (C 18:1 ) 40.6
Linoleic acid (C 18:2 ) 11.9
α-Linolenic acid (C 18:3 ) 0.5 excess methyl ester. The liquid product was distilled at temperature between 200-230 under vacuum to get the final purified product. The analysis of reaction product was done using gas chromatography. According to Yunus 19 , 1 drop of sample approximately 0.03 0.005 g was weighed into an auto sampler vial. 1 mL of ethyl acetate was added into the vials with 0.5 mL of N,O-Bis trimethylsilyl trifluoroacetamide BSTFA and swirled for few minutes. The prepared sample was then heated in water bath at 40 within 10 min to confirm the sample was silylated. The sample was cooled down to room temperature before injection into the GC system.The separation on the GC system was performed using capillary column SGE 12 m 0.53 mm, i.d. 0.15 μm SGE, Melbourne, Australia . The oven temperature was set initially at 80 , held for 3 min then increased at 6 / min to 340 and held for another 8 min. The injector and detector temperature were set at 320 and 340 , respectively. Hydrogen gas was used as the carrier gas at a flow rate of 26.7 mL/min and pressure of 4.13 psi. The inlet ratio was set at 1:1, and 1.0 mL of sample was injected into GC system. This procedure provides a complete separation of the sample methyl ester and monoesters.
Kinetic Studies
The reaction kinetics was investigated to determine the rate of reaction, order of reaction and rate constant. The kinetics study for the transesterification reaction was done at the optimum conditions of the synthesis. The temperatures were varied at 70, 80, 90 and 100 . The sampling must be done at the specified time until the reaction is completed. Each sample collected was kept in the small capped vial and immediately stored in fridge at 2 for the gas chromatography analysis. The sample was taken after 1 minute of reaction, 3, 5, 7, 10, 15, 20, 25, 30, 40, 50, 60, 120, 180 and finally at 240 minutes of reaction. The data for this work were obtained based on weight fractions of the species appeared in the end product 19 extracted from the GC chromatograms. These data were then fitted with various available models and the results are discussed herein.
Formulation of the Drilling Fluid and its Properties
The properties of palm oil-based 2EH ester base oil were evaluated before the drilling fluids were formulated. The kinematic viscosities at 40 and 100 were measured based on ASTM D445 method. The flash point of the sample was measured by using Semi-AutomaticPensky-Martens Flash Point Tester, while pour point test used Petrotest PM4 according to the ASTM D 93 method.
This determination of the base oil properties is required to analyze which properties should be improved by adding certain additives to meet the API 13B specifications. Minimum additives usage indicates better base oil. The ad-ditives used in the formulation were emulsifiers, viscosifiers, weighting material, alkalinity agent and fluid loss agent.
The rheology of the drilling fluid comprises of plastic viscosity, yield point and gel strength. The rheology of the fluid was measured by the Fann 35A viscometer 20 . According to the API Recommended Practice for Field Testing Oil-based Drilling Fluids, API RP 13B-2, the sample was filled in the 350 ml stainless cup fitted with the equipment and was stirred. The viscosities of samples were measured with 6 different speeds, 3, 6, 100, 200, 300 and 600 rpm. Plastic viscosity and yield point of the sample were calculated using formula 1 and 2 .
Plastic Viscosity PV Reading at 600 rpm Reading at 300 rpm 1 Yield Point YP Reading from viscometer at 300 rpm Plastic Viscosity PV 2
The gel strength was determined by stirring the sample thoroughly at 600 rpm. Then the motor was set off for a desired period and after the certain period, the gel knob was shifted to 3 and 6 rpm, and the readings were then taken. The mud density is an important test for the drilling fluid. The test will provide the density of the mud, which helps in controlling and balancing the performance pressure. The test was conducted by using the Fann Mud Balance Model 140.
The proper compositions of water, oil and solid in drilling fluid composition are important to determine the performance of the fluid. The test was conducted using OFITE 50 ml Retort Kit according to the API Recommended Practice for Field Testing Oil-based Drilling Fluids, API RP 13B-2. The sample was then heated to vaporize the liquid components, which were then condensed and collected in a graduated cylinder. The High Pressure-High Temperature Filter Presses are used for testing the filtration properties of drilling fluids. The equipment used in the test was Fann High Pressure-High Temperature Filter Press Model 175CT.
The tests were conducted according to the API Recommended Practice for Field Testing Oil-based Drilling Fluids, API RP 13B-2. The electrical stability also known as emulsion stability is a measurement of the stability of the water and oil emulsion. The drilling fluid s electrical stability relates to its emulsion stability and oil-wetting capability. The test was conducted by using Fann Model 23E Electrical Stability Tester.
RESULTS AND DISCUSSION

Kinetic Study
The data obtained from the weight composition of palm oil-based 2EH ester from GC chromatogram was used in the kinetics study. The 2EH ester conversion at 70, 80, 90 and 100ºC are shown in Fig. 1 . The results clearly indicate that the reactions were very fast and almost completed after 7 minutes of reaction. These results also show that the temperature has marginal effect on reaction conversion within the selected temperature range between 70 to 100 . At these temperatures, almost 85 conversion was achieved during the first minute of reaction and after 7 minutes the reaction had reached completion.
In this reaction palm oil methyl ester reacts with 2-ethylhexanol to produce the desired ester. This transesterification reaction is a single step reaction because only one of the active sites is involved for the hydroxyl molecule to react with carboxyl. The reaction is shown in Eq. 1 while the mechanism of the reaction is shown in Fig. 2 .
The main objective in studying the kinetics of the reaction was to develop the kinetics model that best fitted the experimental results obtained herein and this was done by trial and error. It is interesting to note that not all available kinetics models for single stepwise reaction can be fitted into every reaction. A study from Hamid explained the differences between all these kinetics models available for similar transesterification reactions 15 . This indicates that even for similar reactions, few kinetics models could be proposed. The basis for all kinetics models lies in the type of the basic data used in the kinetics study which can be weight-fraction based and concentration based kinetics models.The corresponding rate equation for Eq. 1 is:
where C A and C B are the concentration of POME and EH, respectively, k is the kinetic constant for the forward reaction. After breaking down into partial fractions, integration, and rearrangement, the final result came out in few different forms 21 , namely bimolecular model second order reaction Eq. 3 and equimolar model bimolecular model but reactants are used in stoichiometric amount C A C B Eq. 4 .
From Eq. 3, graphs of ln M X A M 1 X A vs t were plotted for each temperature. Figure 3 shows the graphs of ln M X A M 1 X A Fig. 1 Effect of reaction temperature on conversion of ethylhexyl ester. the transesterification reaction since EH used was in excess C A C B . Therefore, it is concluded that the bimolecular model is the best kinetics model for the reaction. The reaction rate constants at these temperatures fluctuated at 0.44, 0.38, 0.67 and 0.65 for 70 , 80 , 90 and 100 , respectively. Despite many kinetic models reported for the transesterification of ester with primary and secondary alcohol, the models mostly comply with the bimolecular reaction 9 . In this study, the approach used to propose the kinetic models was by trial and error. According to Levenspiel 21 , the two kinetic model tested previously were selected because the data provided for the model was weight-fraction based, which is comply with the experimental data. Hence these models were selected due to the type of data obtained from the experimental works.
The activation energy is the energy barrier that the reactants must overcome in order to react. Arrhenius equation was developed by studying the effect of temperature in a reaction at equilibrium state. where k is the rate constant, A is exponential factor, E a is activation energy, R is universal gas constant and T is absolute temperature. Graph of ln k versus 1 T were plotted and the slope of the graph equal to Ea R . Figure 5 shows a graph of ln k versus 1/T. From the slope of the graph, the R 2 was 0.86 and the activation energy calculated was 15.6 kJ mol 1 . The activation energy for this reaction is markedly lower compared to the values reported earlier. Omota et al. reported the activation energy for synthesis of 2-ethylhexyl dodecanoateat 55.5 kJ mol 1 10 , while synthesis of di-ethylhexyl maleate required 47.82 kJ mol 1 of activation energy to take place 13 . Thorat et al. reported almost similar activation energy for synthesis of mono-2-ethylhexyl phthalate with 2-ethylhexanol at 52 kJ mol 1 12 . By comparing the activation energy obtained in this study at 15.6 kJ mol 1 , it is obvious that the activation energy for the synthesis of palm oil-based ethylhexyl ester is significantly lower than the literature values. For this reason, it can be concluded that the technology used in this study is more efficient and requires less energy consumption. This is evidenced in the time required for reaction to complete which is 10 minutes compared to 4 hours reported by Waskitoaji et al. 7 . Sern et al. also successfully synthesized 95 of 2-ethylhexyl palmitate in nearly four hours 8 .
Drilling Fluid Formulation and its Properties
Formulation of Drilling Fluid
In this study four different formulations of synthetic base drilling fluids were investigated as shown in Table 2 . The drilling fluid composition was formulated based on the formulations reported by Patel 22 , Ismail 23 and Nasiri et al. 5 . The ester properties were analysed before the formulation of drilling fluid as presented in Table 3 . All formulations were prepared at 80:20 of palm oil-based 2EH ester to water ratio. The properties of all four formulations were then compared to the API 13B specifications to determine Versagel (g) ---2
Fig. 5 Graph ln k versus 1/T.
whether the formulated products conform to the application standards.
Physical Properties of Drilling Fluid
The density of all formulations was acceptable compared to the API standards as presented in Table 4 . Correct density will lead to other properties acceptance. The second part of the properties analysis was the rheological properties of drilling fluid. The first rheological property consists is a plastic viscosity. From the result, formulation 1, 3 and 4 gave very high values of plastic viscosity exceeding the API requirement, which were 52, 54 and 90 cP, respectively. The range for plastic viscosity reported by API was in the range of 25-40 cP. Only formulation 2 conforms to the API range, which were35. High plastic viscosity value shows that the drilling fluid is very viscous and difficult to move. Based on this result, formulation 4 would not be considered for further test.
For yield point properties, only formulation 3 gave a yield point reading of 27, which conforms to API acceptable range of 15-45. Formulation 1 and 2 gave 11 and 4.5 reading, respectively. In drilling operation, lower yield point lead to better drilling performance. Although these readings are out of API range, lower yield points are better for superior performance thus formulations 1 and 2 are also acceptable.
The important properties in rheology were 10 second and 10 minutes gel strengths also determined. The API acceptable range for 10 second gel strength is 8-20 lb/100ft 2 . Formulation 1, 2 and 3 gave 6, 7 and 10 lb/100ft 2 , respectively. From these results, only formulation 3 fell within the API range. However, the values for formulations 1 and 2 were very close to the API range, thus these value are considered acceptable also. For 10 minutes gel strength, the API range is in between 8 to 30 lb/100ft 2 . From the results, only formulation 1 was within the API range, which was 15 lb/100ft 2 , thus only this formulation is considered acceptable.
The electrical stability ES test was performed to determine the emulsion stability of the formulated drilling fluid. A higher value of electrical stability indicates that the formulation have a better water and oil emulsion and stability. The API range reported for this particular test is in the range of 100 to 400 volts. Formulations 1 and 2 had lower volts which were 115 and 120 while formulation 3 gave 495 volts. This was because, formulations 1 and 2 contain a higher volume of ester oil and water to form a good emulsion, but only primary emulsifier was used in these formulations. This explains why the emulsion stability of these formulations was lower than formulation 3. Formulation 3 used both primary and secondary emulsifier that makes the emulsion better in stability. This can be proved by comparing the result with formulation 4. Formulation 4 has the highest emulsion stability because of the primary and secondary emulsifier usage and also the amount of ester oil was lower than the other 3 formulation. In this case, formulation 1 and 2 were acceptable but formulations 1 and 2 have lower emulsion stability than formulation 3. For pH value, all formulation gave 9 to 10 pH values, which were moderate values. A high pH can lead to a high alkalinity of the drilling fluid and increase the probability of the ester to undergo hydrolysis. Based on the above assessment, despite not conforming to a few API specifications, formulation 3 is considered as the best formulation compared to other three formulations.
The fundamental property of the drilling fluid i.e. high temperature high pressure HTHP filtrate was analysed. This analysis was conducted for 30 minutes time and the volume of drilling fluid passed through the equipment was considered as the loss fluid. The API 13B stated that, all synthetic drilling fluid must have less that 10 ml fluid loss within 30 minutes. From the results, all formulated drilling fluids met the API standards, but what makes a drilling fluid a good drilling fluid for offshore operation is volume of fluid loss should be less than 5 ml in 30 minutes. Formulation 4 can be described as the best drilling fluid in term of the fluid loss property, however due to the other properties, this formulation was rejected. In view of this, formulation 3 gave the best value for high pressure high temperature fluid loss property at 9 ml loss in 30 minutes, while formulations 1 and 2 gave 14 and 9.8 ml, respectively. From this result, it is shown that by improving the fluid loss control alone, the fluid loss property will not be necessarily improved. However, the fluid loss property show better results with increasing amount of clay. Formulation 4 showed better fluid loss property because it has higher amount of clay. In addition, formulation 4 also had versagel additives that contribute to gel strength improvement and fluid loss property. The summary of the results is shown in Table 4 .
The results from Table 4 indicated that none of the drilling fluid properties meets all the standard specifications by API. Acceptable values for rheological properties are the most difficult to obtain. For electrical stability and high pressure high temperature filtration, most of the results obtained complied with the API standards. From the results, increase in the emulsifier amount improved the emulsion stability and affected the high pressure high temperature filtration. High emulsion stability reduced the fluid loss from the filtration because the water in oil emulsion was more stable.
For formulation 1 to 3, only 2 rheological properties were acceptable which are plastic viscosity and yield points. As for formulation 1, both crucial rheological properties fell outside the acceptable range. The plastic viscosity value was higher and yield point value was lower than the desired one. This problem is quite complicated because increasing the plastic viscosity will increase the yield point. In this case, high plastic viscosity results in lower yield point. However, the viscosity of formulation 1 is still too high, thus renders unacceptable for application despite the behaviour of the consistent mobile viscosity. Similarly, formulation 4 showed the worst properties. The only property that is better than other formulation is the high pressure high temperature filtration. However, this is easily predicted because of the addition of the Versagel additive. This additive is excellent for improving fluid loss property of the drilling.
Comparing all four formulations, formulation 2 and 3 can be considered for further improvement to meet the API standards. Yield point and 10 gel strength of formulation 2 can be improved by increasing the mud weight because the weight of mud will determine the viscosity of the fluid. Similar process can be used oppositely for formulation 3. The high value of the plastic viscosity can be decreased by reducing the solid content of the mud. It has been said that, the emulsifiers does not only work for mixing water and oil well, but it will also act as a solid content in the drilling fluid. Formulation 3 contained both primary and secondary emulsifiers while formulation 2 contained primary emulsifiers only. By comparison, the solid content in formulation 3 was higher than formulation 2. Despite the better emulsion stability provided by these emulsifiers, it exhibited negative effect on the plastic viscosity properties.
CONCLUSIONS
As a conclusion, the kinetics of synthesis of palm oilbased ethylhexyl ester can be best described using bimolecular-type second order reaction. The activation energy, Ea of the reaction was significantly lower at 15.6 kJ mol 1 compared to 40-60 kJ mol 1 reported earlier. This indicates that the technology used in this study is very efficient and as a result the reaction can be completed in less than 10 minutes. As for the drilling fluid formulations, since none of the formulations comply with all API 13B specification, none of these formulations can be recommended directly for the subsequent drilling tests. Formulation 1 is not acceptable because of the huge drilling fluid losses in high pressure high temperature filtration test while formulation 4 is rejected because of its poor rheological properties despite the least drilling fluid filtration loss. However, formulations 2 and 3 exhibited certain advantages and disadvantages, thus the rheological properties of both formulations can be improved by varying the additives slightly. In rheology, lower yield point value provides better drilling performance, thus formulation 2 has better value than formulation 3. On the other hand, formulation 3 has better electrical stability and has lower filtration loss compared to formulation 2. In conclusion, further study need to be conducted to obtain more conclusive results. Nonetheless the data from this study can be used as the basis for further formulation study using palm oil-based 2EH ester.
